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Abstract

The novel coronavirus SARS-CoV2, which causes COVID-19, has resulted in the death of 

nearly 4 million people within the last 18 months. While preventive vaccination and monoclonal 

antibody therapies have been rapidly developed and deployed, early in the pandemic the use of 

COVID-19 convalescent plasma (CCP) was a common means of passive immunization, with the 

theoretical risk of antibody-dependent enhancement (ADE) of viral infection remaining 

undetermined. Though vaccines elicit a strong and protective immune response, and transfusion 

of CCP with high titers of neutralization activity are correlated with better clinical outcomes, the 

question of whether antibodies in CCP can enhance infection of SARS-CoV2 has not been 

directly addressed. In this study, we analyzed for and observed passive transfer of neutralization 

activity with CCP transfusion. Furthermore, to specifically understand if antibodies against the 

spike protein (S) enhance infection, we measured the anti-S IgG, IgA, and IgM responses and 

adapted retroviral-pseudotypes to measure virus neutralization with target cells expressing the 

ACE2 virus receptor and the Fc alpha receptor (FcR) or Fc gamma receptor IIA (FcRIIA). 

Whereas neutralizing activity of CCP correlated best with higher titers of anti-S IgG antibodies, 

the neutralizing titer was not affected when Fc receptors were present on target cells. These 

observations support the absence of antibody-dependent enhancement of infection (ADE) by IgG 

and IgA isotypes found in CCP. The results presented, therefore, support the clinical use of 

currently available antibody-based treatment including the continued study of CCP transfusion 

strategies.
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Introduction

Since its 2019 emergence severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the 

causative agent of the disease COVID-19, has spread rapidly and shortly after surfacing in the 

human population and was declared a global pandemic by the World Health Organization. At 

least 215 million people have been infected and more than 4.4 million have lost their lives to this 

virus (John Hopkins Coronavirus Resource Center, Online). Despite several improvements in the 

standard of care for COVID-19 patients, and the availability of highly effective preventive 

vaccines against the virus, newer strains of SARS-CoV-2 continue to emerge and spread rapidly. 

At the start of the pandemic, plasma transfusion from convalescent donors to acutely infected 

patients was one of the only available options for therapy. In areas where resources are scarce, 

passive immunization with COVID-19 Convalescent Plasma (CCP) from previously infected 

donors remains an accessible and viable therapeutic option. Whereas transfusion of CCP into 

recipients with acute SARS-CoV2 infection results in beneficial outcomes the efficacy of this 

therapy remains poorly/incompletely defined [1-6]. Any clinical efficacy of CCP is, at least in 

part, dictated by the titer of neutralizing antibodies and resultant neutralization activity of any 

individual CCP unit. However, neutralization assays are laborious processes and are not 

amenable to quick decision-making in a clinical setting. Therefore, other clinically available 

serological assays were sought to identify plasma units of maximal benefit. We, along with 

others, have previously demonstrated that measuring antibodies to the receptor-binding domain 

(RBD) of the spike protein correlated best with neutralization of SARS-CoV2 [7-13]. 

In recipients transfused with CCP containing high titers of anti-RBD antibodies and, therefore, 

high-neutralizing capability, passive transfer of anti-RBD antibodies has been demonstrated in a 
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subset of patients that recovered from COVID [7]. Despite these positive outcomes in a 

proportion of the patients, to understand if anti-SARS-CoV2 spike protein antibodies contributed 

to adverse outcomes in CCP recipients, further research is needed [14, 15]. Specifically, 

antibodies developed during an exposure event or immunization may facilitate subsequent 

infections or enhance viral replication in the same person in a process called antibody-dependent 

enhancement of infection (ADE). When considering cases where vaccinated individuals and 

previously infected individuals are re-infected with SARS-CoV-2, the possibility of ADE 

occurring becomes highly relevant. 

ADE has been observed during infection with a variety of viruses including dengue, RSV, 

measles, and members of other virus families [16-20]. Among coronaviruses, ADE has been best 

described with feline infectious peritonitis virus, in addition to human coronaviruses like SARS-

CoV-1 [21-26]. At the cellular level, viruses have been shown to exploit anti-virus antibodies to 

infect phagocytic cells in the presence or occasionally in the absence of the virus receptor [24]. 

This mechanism of ADE occurs when antibodies interact with the viral surface proteins while the 

Fc portion of the antibody remains free to interact with components of the host immune system. 

Antibody-bound viruses can then interact with Fc receptors on target cells as well as the natural 

receptor of the virus, thus facilitating its entry into the cell. Therefore, in patients recovering 

from COVID-19, as well as those treated with monoclonal antibody therapies against SARS-

CoV2, or transfused with CCP, or those who were inoculated with vaccines, ADE becomes a 

relevant concern. 

Virus infection of a cell is initiated by the entry of a virus into a target cell. This process is 

dependent on viral attachment to a virus-specific receptor on the surface of a cell; in the case of 
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SARS-CoV-2, viral entry is dependent on the SARS spike (S) glycoprotein binding to the 

angiotensin-converting enzyme 2 (ACE2) on the surface of human cells [27]. Since the SARS-

CoV-2 S protein is exposed on the viral surface, and because of the role it plays in infection, the 

majority of antibodies capable of neutralizing the virus binds to epitopes in the S protein. Hence, 

vaccines currently authorized contain the SARS-CoV-2 S protein as the immunogen of choice 

[21, 22, 28-30]. Once administered, the vaccines trigger the production of antibodies that bind 

specifically to the S protein; if infection with a live virus occurs, antibodies are then available 

which can bind/block the S-protein. Antibodies against the receptor-binding domain (RBD) of 

the S protein, in general, neutralize the virus, whereas antibodies directed to most other regions 

of the S protein tend to be less neutralizing in nature [7-13, 31-33]. Coronaviral proteins E and M 

are also surface exposed in SARS-CoV-2 virions, but antibodies against these proteins are 

expected to be non-neutralizing for infection. Whereas a high concentration of neutralizing 

antibodies would prevent infection of the target cell, low concentration of neutralizing antibodies 

or the presence of non-neutralizing antibodies may facilitate ADE.

Although ADE during infection of certain cell lines in the absence of virus-specific receptors has 

been observed with SARS-CoV-1, it is an exception to the requirement of a receptor for infection 

[24]. In addition to the virus receptor, antibody receptors such as the Fc alpha receptor (FcR or 

CD89) and Fc-gamma receptor II (FcRII or CD32), that are present on cells of the myeloid 

lineage are proficient for phagocytosis and may allow for ADE. FcR interacts with antibodies 

of the IgA isotype, whereas FcRII interacts with antibodies of the IgG isotype. Whether ADE is 

dependent on the respective receptor is therefore likely to be a function of the overall levels of 
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antibody isotypes produced in response to the viral infection, and whether such antibodies are 

non-neutralizing in nature.

In this study, we quantified anti-S antibodies of the IgG, IgA, and IgM isotypes and analyzed the 

neutralization profiles of plasma samples from COVID-19 convalescent plasma donors. 

Although a clinical benefit was noted from transfusion of plasma with higher neutralization titers 

in acutely infected patients, to understand if there was any detrimental effect of plasma 

transfusion the role of ADE in SARS-CoV2 infection was assayed. A retroviral-pseudotype-

based infectivity assay was adapted to study the neutralization titer of CCP units in cells 

expressing ACE2 receptors alone or in combination with either FcR or FcRII. If the 

neutralization potential in the presence of an antibody receptor is reduced, then ADE ought to 

have been mediated by antibodies against SARS-CoV-2 spike protein. With measurements of 

IgA or IgG antibodies, correlations between antibody isotype and ADE, if any, may also be 

determined. 

Methods and Materials

Cell culture

293T cells were obtained from ATCC and maintained in DMEM with 10% FBS, 100 U/ml 

penicillin, 100 µg/ml streptomycin, 0.25 µg/ml amphotericin B, and 2mM L-glutamine (D10). 

Plasmid expressing the human ACE2 protein with a C-terminal C9 tag was obtained from 

Addgene (Plasmid 1786). 293T cells were transduced with retroviral particles carrying a 

pQCXIP vector encoding the gene for the human ACE2 protein, then selected and maintained in 

D10 supplemented with 1µg/ml Puromycin. ACE2 expression was confirmed by infection of 
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293T-ACE2 cells with retroviruses and lentiviruses pseudotyped with SARS-CoV-1 S and 

SARS-CoV2 S proteins. The 293T-ACE2 cells were transduced with retroviral particles carrying 

pQCXIH vector encoding the gene for FcR and selected in D10 supplemented with 100g/ml 

Hygromycin B and 1g/ml Puromycin. Expression of FcR and ACE2 in 293T-ACE2- FcR 

cells were confirmed by flow cytometry. Separately, the 293T-ACE2 cells were transduced with 

retroviral particles carrying pQCXIP vector encoding the gene for FcRII. The cells were then 

cloned by limiting dilution and assayed for ACE2 expression and FcRII expression by flow 

cytometry. A cell clone with maximum expression of both ACE2 and FcGR2 was used in 

subsequent assays (293T-ACE2- FcRII) and maintained in D10 supplemented with 1g/ml 

Puromycin.

Virus Neutralization Assay

A modified version of a previously described neutralization assay [34] was used to determine 

half-maximal inhibitory concentrations of convalescent plasma or serum from donors recovered 

from COVID-19, provided by the American Red Cross. Plasma was derived from blood that was 

collected in EDTA or Citrate anti-coagulant tubes and serum was collected using serum 

separator tubes. In the case of plasma derived using EDTA, the sample was dialyzed using 

phosphate buffered saline and 10MWCO Slide-A-Lyzer dialysis cassettes (Thermo Fisher 

Scientific). SARS-CoV-2 spike protein (S) pseudotyped MLV particles containing a firefly 

luciferase reporter gene were produced through transduction of 293T cells. The viral stocks were 

then titrated on 293T-ACE2 cells to determine the ideal volume of virus to be used in subsequent 

assays.  293T-ACE2, 293T-ACE2-FcR, and 293T-ACE2-FcRII were seeded at a density of 

20,000 cells per well in separate 96-well white-bottom plates and left at 37C overnight. The 
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following day, plasma or serum was diluted 4-fold in D10 media followed by 7 threefold serial 

dilutions. S protein psuedotyped particles were added to plasma/serum at an equal volume and 

incubated at 37C for 1 hour. The virus/serum or plasma mixture was transferred to plates 

containing one of each of the cell types described and incubated for 2 days at 37C. Each plate 

also contained negative and positive control wells where no virus, or virus without any 

plasma/serum samples were added, respectively. After 48h, the cell lysates were measured for 

luciferase activity with the Perkin Elmer Britelite system and the Victor X4 plate reader. 

ELISA

96-well plates were coated with 1µg/mL SARS-CoV-2 spike protein (S1+S2 ECD, Sino 

Biologicals) in PBS and stored at 4°C overnight. Plates were washed twice with wash buffer 

(PBS with 0.05% Tween-20) and incubated with blocking buffer (PBS, 5% nonfat milk, 1% 

FBS, and 0.05% Tween-20). Plates were washed and serum/plasma samples were added at a 

1:200 starting dilution followed by 7 threefold serial dilutions. Rhesus Anti-SARS CoV Spike 

monoclonal antibody (NHP Reagent Resource), anti-Dengue monoclonal antibody, and 6 

negative control plasma samples were added to each plate for validation. After 1h at 37°C, plates 

were washed and incubated with anti-human IgG secondary antibody conjugated to horseradish 

peroxidase (HRP) (Jackson Immunoresearch) in blocking buffer (1:5000 dilution) at 37°C for 1 

h. TMB substrate was added (ThermoFisher), and absorbance read at 405 nm with a plate reader 

(Victor X4, Perkin Elmer). To evaluate IgA and IgM binding levels, the same plates were 

washed and incubated with HRP inhibitor (0.02% sodium azide in blocking buffer) for 30min.. 

Complete loss of absorbance at 405 nm with TMB under these conditions was confirmed during 

assay development. Plates were washed before incubating with anti-human IgA or IgM 
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conjugated to HRP (1:5000 dilution) (Jackson Immunoresearch) and absorbance data collected. 

Area under the curve (AUC) was calculated (Graphpad Prism) as a measure of the anti-S 

antibody titers.

Anti-SARS-CoV2 antibody/serology assays

Anti-SARS-CoV2 Ig assay (CoV2T) (Ortho Clinical Diagnostics, Markham, Ontario):  This 

assay is an automated assay that uses a two stage immunometric technique to identify anti-

SARS-CoV2 Spike protein antibodies (IgG and IgM).  Antibodies in the sample are captured by 

antigen coated wells and identified by a secondary antibody conjugated to horseradish 

peroxidase that is quantified in a chemiluminescent reaction. A cut-off threshold value was 

defined to determine a reactive sample and the signal to cut-off value (S/CO) was used as a 

quantitative measure of anti-spike antibodies.  

Architect Anti-SARS-CoV2 IgG assay (Abbott Laboratories, Chicago, IL):  This assay is an 

automated, two-step immunoassay for the detection of IgG antibodies to SARS-CoV2 

nucleocapsid proteins.  Antibodies are captured on antigen coated paramagnetic microparticles 

and then detected by incubation with an acridinium-conjugated anti-human IgG. The presence of 

IgG antibodies against nucleocapsid is quantitated as a signal to cut off Index (S/C).  Although 

neither of these assays are used clinically as a quantitative test for the purposes of this study both 

the S/CO and the Index were considered to be reflective of the amount of anti-SARS-CoV2 

antibodies in each sample.  

CCP recipients and clinical parameters.
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This study was approved by the University of Wisconsin Institutional Review Board. Cases met 

all criteria for enrollment under the Mayo Clinic Expanded Access Protocol (IND # 20-003312) 

(EAP) and gave written, informed consent for CCP transfusion and data collection.  All patients 

had laboratory-confirmed COVID-19 by RT-PCR with either severe or life-threatening disease 

as described previously. 4 patients were excluded from analysis as mentioned in the results 

section.

CCP was collected from a local donor recruitment and referral program in collaboration with the 

American Red Cross (ARC).  Serum and plasma samples collected as part of the routine 

donation process were aliquoted and stored frozen. Recipient data were abstracted from the 

electronic medical record.  Time to disease escalation was defined as the time, in days, from 

admission to the date when there was sustained need (12-24 hours) for an increased level of 

oxygen/respiratory support.  Similarly, the time to respiratory improvement was defined as the 

time from of admission or transfusion, in days, to the date when the patient demonstrated a 

sustained (12-24 hours) decrease in oxygen requirements. 

Residual serum and plasma samples from clinical laboratory testing in hospitalized COVID-19 

patients were collected, aliquoted and stored frozen by the staff of the University of Wisconsin’s 

Comprehensive Cancer Center Biobank under a previously approved IRB approved protocol).  

Statistical Analysis:  Data from plasma and serum samples were combined together after 

validation of neutralization assays. Results were presented with descriptive statistics and 

parametric and non-parametric tests as appropriate. All statistical analysis was done using the 

GraphPad Prism software (GraphPad Software, Inc La Jolla, CA). 
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Data Sharing Statement:  Contact corresponding author for sharing of original data.

Results

In this study, serum and plasma samples from 90 individual CCP donors were obtained from the 

American Red Cross (ARC) and multiple immune parameters were estimated.  As shown in table 

1 the neutralization IC50 values (range <8 to 581.4) depict the variation in neutralizing responses 

by the CCP donors. Similar to IC50 values, total Ig titers measured using an Ortho-Vitros assay 

(depicted as signal to cut-off ratios, S/CO) (0.02 to 904.0) and the anti-nucleoprotein IgG 

antibodies measured using an Abbott assay (depicted as index values) (0.9 to 8.7) varied widely 

among the donor samples. However, none of these immune parameters were found to be related 

to/associated with the general donor characteristics of age, gender, or ABO/Rh blood grouping 

by ANOVA. Both the anti-spike IgG measured by the Ortho-Vitros assay and the anti-N titers, 

modestly correlated with neutralization titers (Figure 1). We have previously demonstrated the 

measurement of anti-spike antibodies of the IgG, IgA and IgM isotypes using an in-house ELISA 

(depicted as area under the curve values, AUC) and anti-RBD antibodies measured using the 

Lumit-Dx system correlated best with the neutralization activity [7]. Whereas all measure of 

antibodies against the spike protein was highly variable among the CCP donors, anti-RBD 

antibodies and anti-spike antibodies of the IgG isotype correlated best with the neutralizing 

ability of CCP (Figure 1) [7]. 

To understand the efficacy of CCP transfusion in patients, samples from subjects transfused with 

plasma were analyzed. From April to August 2020, 48 patients were transfused with CCP 

through enrollment in the Mayo Clinic’s EAP.  A pediatric patient, one patient acutely 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 16, 2021. ; https://doi.org/10.1101/2021.09.14.460394doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.14.460394
http://creativecommons.org/licenses/by/4.0/


hospitalized at the time of analysis, and two other patients incidentally found to be COVID-19 

positive were excluded as they were admitted with a non-COVID-19, life-threatening illness 

(acute leukemia or decompensated valvular heart disease). Of the remaining 44 patients 

transfused with CCP, the median age at time of transfusion was 61 years, with an identical 

number of male and female patients, and the ABO and Rh grouping distribution of the study 

population was consistent with the general population (Table 2). The general characteristics of 

the study group’s hospitalization and the course of their respiratory disease is summarized in 

table 2.  80% of the acutely infected patients were admitted from home with an average duration 

of symptoms prior to admission of 8.3 days. 

Whereas mechanical ventilation and intubation were used as a detrimental marker to assess 

disease progression, sustained respiratory improvement was used as a marker of recovery. 

Seventeen patients (39%) deteriorated as they required intubation and mechanical ventilation 

during their hospitalization at various stages prior to CCP transfusion. On the other hand, aside 

from patients who died during their hospitalization, most patients showed sustained (24 hours) 

respiratory improvement at a mean of 7.9 days from admission.  The outcomes are not 

attributable to transfusion alone, since other treatment attributes for all patients included at least 

one instance of hydroxychloroquine, systemic steroids, and anti-viral medication administration. 

The average length of stay was 15.8 days and was not related to any of the immune response 

parameters tested. In addition, death or discharge was used as a secondary point of analysis for 

transfusion efficacy. The details of transfusion for these 44 subjects are summarized in table 3, of 

which seven subjects (16%) had died after CCP transfusion and 37 patients (84%) were 

discharged alive.  As was seen for the entire donor population studied (Table 1), the serologic 
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testing and neutralization IC50 were found retrospectively to be widely varied among the units 

transfused to patients.  

In the first weeks of the study period, patients were admitted to the hospital prior to the 

availability of convalescent plasma units for transfusion. Subsequently, these patients (N=9) 

were transfused relatively late at a mean of 9 days after admission. Beginning in the second week 

of unit availability, most transfusions were provided within 2 days of admission (N=35).  

Although the mortality rate was lower in those transfused earlier (14% vs 22%, respectively), 

this did not achieve statistical significance (p=0.25, Chi Square test). 

With the wide variability in both the clinical parameters and the immune response, no significant 

associations were found between the immune response and the time to either clinical 

improvement or hospital discharge. However, since neutralization is the goal of passive 

immunization, we chose to study antibody levels and donor neutralization activity by comparing 

patients at the extremes of COVID-19 outcomes (i.e. those who died in the hospital (N = 7) to 

the group that was discharged home to self-care without the need for ongoing oxygen support (N 

= 18)). Mean neutralizing titers of transfused units were lower in patients who did not survive 

their hospitalization 63.2 vs 152.4 (p = 0.05) (Figure 2A). A similar trend of significantly lower 

titers of total anti-S Ig was found to have been transfused into patients who died in the hospital 

(Figure 2B), but no such correlations were observed when the CCP units were analyzed with the 

Abbott assay (Figure 2C). Per expectation, this data is in line with the idea that lower levels of 

neutralizing anti-spike protein antibodies may result in less effective CCP units.  Although 

transfer of neutralizing activity was observed in a few CCP recipients, most transfused patients 
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demonstrate an ongoing background native immune response that is most likely unrelated to 

plasma transfusion.

Variation of neutralizing titer in the presence of FcR or FcRII

Even though evidence of passive transfer of neutralizing antibodies into transfusion recipients 

was observed, due to the adverse events observed among the patients studied, there arose a need 

to verify that the antibodies transferred were not detrimental to the recipient. Hence, the serum or 

plasma samples from 90 CCP donors were also assayed for antibody-dependent enhancement of 

infection of retroviral pseudoviruses. The strategy employed was to assay neutralization of MLV 

particles pseudotyped with SARS-CoV-2 S protein in cells expressing the ACE2 receptor alone 

or in combination with Fc receptors, FcR or FcRII. Each sample was tested against the three 

cell lines simultaneously and the titer inhibiting virus infectivity to 50% (IC50) of untreated 

samples was calculated in each case. If the IC50 value for a particular sample is increased in the 

presence of an antibody receptor, then the sample will be identified as providing ADE for the 

pseudovirions. However, the IC50 values determined from each of the cell lines were compared 

and found to be no different for each individual sample (Figure 3). These results indicate the 

absence of ADE for S-protein pseudotyped retroviral particles at least in the presence of FcR 

and FcRII. 

Correlation of anti-S IgG, IgA, and IgM with IC50 data

In addition, the IgG, IgA, and IgM titers were measured using our in-house developed anti-S 

antibody capture ELISA. In line with previous studies, anti-S IgG titers were significantly higher 

than IgA or IgM subtypes (p<0.0001, Kruskal-Wallis test) (Figure 4A), whereas IgM and IgA 

levels were not significantly different from each other. Since Ig subtype titers varied, the IC50 
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values determined using the cell lines expressing the Fc gamma receptor or the Fc alpha receptor 

were analyzed for correlation with the anti-S antibody titers. In line with data previously reported 

[34], IC50 measured by neutralization assay in the absence of Fc receptors correlated better with 

anti-S IgG (⍴=0.6245) than with anti-S IgA or IgM titers  (⍴=0.3307 and 0.3209, respectively) 

measured by ELISA (Figure 4B-D). This data is consistent with the idea that anti-S antibodies of 

the IgG isotype may play a more prominent role in virus neutralization than the IgA or IgM 

subclasses. Finally, IC50 data determined from neutralization assays performed with 293T-

ACE2-FcαR and 293T-ACE2-FcγRII also correlated strongly with IgG AUC (ρ = 0.6145 and 

0.5968, respectively) (Figure 4E, 4H) and to a lesser extent with IgA and IgM AUC (IgA ρ = 

0.3120 and 0.3976 and IgM ρ = 0.3359 and 0.3557, respectively) (Figure 4F-G and 4I-J). With 

no gross changes in IC50 values or in correlation coefficients, any variation in Ig subtypes within 

the samples, therefore, does not contribute to enhancement of infection in the presence of 

antibodies of the alpha or gamma isotypes. 

Discussion

Due to the nature of the current SARS-CoV-2 pandemic, several vaccine candidates have been 

approved by the FDA for emergency use and are currently being administered to populations 

around the world. It is well established that virus-targeting neutralizing antibodies play an 

essential role in clearance and recovery after viral infection [31-33, 35-39]. Conversely, it is 

possible that in the presence of a weak neutralizing response antibodies can enhance a viral 

infection, as has been demonstrated with multiple viruses [14, 15]. Indeed, ADE has been 

reported for several human viral diseases including RSV, Measles, Dengue fever, and Zika [40, 

41] in addition to diseases caused by other members of the coronavirus family, including FIPV  
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and SARS-CoV-1[42, 43]. Since the limited options available for the prevention and treatment of 

SARS-2 are primarily antibody-based, questions of whether SARS-2 infection can be enhanced 

by these antibodies is an important consideration  [44-47]. Here, we report the absence of FcαR 

or FcγRII-mediated ADE resulting from the polyclonal antibody responses identified in units of 

CCP used as therapy for severe and life-threatening COVID-19.  

As reported by multiple studies so far, the neutralizing ability of antibodies in SARS-2 

convalescent individuals differs highly from one individual to the next [34, 36, 48]. Furthermore, 

anti-S antibody titers, as measured by antibody capture ELISA, indicate that a majority of 

antibodies against the S protein are of the IgG subtype, with lower levels of the IgA and IgM 

subtypes. This is not surprising, as individuals recovering from SARS-CoV-1 have been shown 

to have strong IgG and IgM antibody responses, with IgM titers spiking shortly after infection 

and steadily decreasing thereafter and IgG titers spiking and then remaining at higher 

concentrations for upwards of 13 weeks [49]. The role of these isotypes in neutralization have 

also been extensively studied, with several high-affinity IgG antibodies isolated from acutely 

infected patients [31, 33, 36-39]. On the other hand, anti-S IgM antibodies have been shown to 

contribute to neutralization of SARS-CoV-2 [50]. Given the differences in capabilities of the 

different isotypes in neutralizing SARS-CoV-2 and the considerable variability in neutralizing 

responses, it was conceivable that low antibody titers and the presence of non-neutralizing 

antibodies could contribute to ADE. However, we present data here that the IgA and IgG 

isotypes present in therapeutic units of CCP do not enhance infection of SARS-CoV-2 through 

their respective Fc receptors.
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Jaume et al. have previously described a mechanism of SARS-CoV-1 ADE that was FcγRII-

dependent even in the absence of the ACE2 virus receptor [51] however, we did not observe 

ADE for SARS-CoV-2, even in the presence of the viral receptor and the antibody receptor. 

Furthermore, our data demonstrates the absence of ADE through the Fc alpha and gamma 

receptors. This data is in line with a recent in vivo study performed using sera from mice 

immunized with SARS-2 S protein RBD [52]. In this study, cross-neutralizing responses to both 

SARS-CoV-1 and SARS-CoV-2 were observed without enhancement of infection dependent on 

the polyclonal antibody response. It is, of course, possible that ADE of SARS-2 occurs in vivo, 

or through an alternative mechanism outside of the detection of our ADE assays.

One crucial consideration in the expectation of ADE is the spread of the COVID-19 disease in 

the face of the increasing rate of vaccination. Whereas unvaccinated individuals are susceptible 

to SARS-CoV-2 and even progress to acute disease at greater rates, vaccinated individuals have 

remained resistant to the virus to a greater degree. If ADE were to contribute to virus infection 

and transmission, vaccinated individuals, or those treated with other antibody-based therapeutics 

including CCP, may be at a greater risk for re-infection. This is not the case with current variants 

of concern in circulation globally. Additionally, although these CCP samples were collected 

prior to the emergence of variants of concern (VOC) in the United States, such as the Delta 

variant, it has been shown that the neutralizing ability of S-protein targeting antibodies from 

individuals infected with a non-VOC virus are less effective at neutralizing VOC virus [53, 54]. 

Conceivably, individuals previously infected with non-VOC could experience ADE if 

subsequently infected by a VOC and should be considered when designing future studies. With 

the accumulation of further mutations in the virus and the rise of newer mutants with increased 
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fitness and transmissibility, later iterations of the virus may gain ADE function requiring re-

evaluation of the studies we report here. However, no studies have reported the possibility of 

such a scenario or even observed an evolutionary pressure to select for this specific mechanism. 

Our work, therefore, provides data supporting the safety of current antibody-based therapies, 

including CCP and vaccines, and show that infection of SARS-CoV-2 is not enhanced by 

antibodies against the S protein in these therapeutic antibody products. 
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Figure Legends

Figure 1. Correlative analysis of anti-SARS-CoV2 serology tests and neutralization titer. 

Ortho-Vitros platform assay was performed to detect total Immunoglobulin (Ig) against SARS-

CoV2 spike protein and expressed as signal to cut-off ratio (S/CO). Abbott platform assay was 

performed to detect gamma Ig (IgG) against SARS-CoV2 nucleoprotein and expressed as Index 

value. (A) IC50 and S/CO values for total Ig against spike protein of matched samples were 

analyzed for correlation. (B) IC50 and Index values for IgG against nucleoprotein were analyzed 

for correlation. Spearman’s Correlation coefficient,  was determined in each scenario.

Figure 2. COVID-19 outcome-based comparison of antibody responses in plasma 

recipients. Mean values of neutralization IC50 (A), anti-spike total Ig S/CO values (B), and anti-

nucleoprotein IgG index values (C) of transfused units were compared among plasma recipients 

at the extremes of COVID-19 outcomes, death in hospital or discharge without oxygen 

requirement. p-values were compared using Mann-Whitney tests.

Figure 3. Variation in IC50 dependent on Fc receptor expression. Variation in half-maximal 

inhibitory concentrations (IC50) between three stable cell lines (293T-ACE2, 293T-ACE2-FcαR, 

and 293T-ACE2-FcγRII) infected with an MLV viral particle pseudotyped with SARS-CoV-2 S 

protein and titrated with SARS-CoV-2 plasma or serum from convalescent donors. The variation 

in IC50 values was analyzed using a Kruskal-Wallis test, with horizontal lines representing 

median values.
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Figure 4. Correlations of anti-S titers with IC50 in cell lines expressing ACE2 and Fc 

receptors. Neutralization titers of SARS-CoV-2 convalescent plasma or serum remain

constant when titrated against cells with different Fc receptors. Differences between

AUC of IgG, IgA, and IgM was analyzed using the Kruskal-Wallis test with horizontal lines

representing median values (A). Half-maximal neutralizing titers (IC50) were compared

against antibody titers calculated as area under the curve (AUC) from an anti-S ELISA that

specifically quantifies anti-S IgG, IgA, or IgM antibodies. Correlation analysis of IgG

(B,E,H), IgA (C,F,I), and IgM (D,G,J) ELISA AUC data vs. neutralization IC50 values for

three stable cell lines expressing the human receptor ACE2 alone or in combination with

FcαR or FcγRII, as indicated. Spearman correlation (ρ) values and absolute p-values (p) are

indicated.
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